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ABSTRACT 


TMiis paper develops the field and energy equations and the 
micuevance parameters for an alternator with a rotating, superconducting 
field, a stationary, normal armature and an iron shield enclosing the outer 
radius of the alternator. The purpose of this paper was to indicate the 
Beasibility of a superconducting alternator being used for marine propulsion. 
A 27,200 kw generator is designed with a totel weight of 4.65 tons, a 
diameter of .754 meters, and a length of 1.2 neters. On the basis of the 
Porens and volume saved, superconducting alternators are feasible for narine 
propulsion. 


ilies eeeonmended that more work be done to develop @ proccduresre 
mize tne Gesipn OF an alternator. The rest of tne propulsion system 
meeds LO be developed and a model built to test out the design. 


Meeers Cunervisor: H. Hl. Woodson 
Title: . Pe@seecot cr Blecvurical Engancering 
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Piectrie propulsion planus find little use in ships toda, eee 
Plectric propulsion iS meant that the prime mover drives an electrical 
generator and a motor drives the shaft oi the propulsion device. Two of 
mie prime reasons are thet the specific weight and specific volume of 
electrical plants are significantly greater than those of a propulsion 
system using a shaft and reducticn gears. Another reason is that the 
miivadl cOSt Of an electrical eit is greater than for other plang. 
Blectrical plants have a number cf advantages which, if the size and 
werony Could be made Co compere with existing plants, would put them in 
@ competitive position with the existing plants. One of the primary 
advantages is the better response and control that is achievable with an 
mtecure plant. An electric plent makes bridge control possible. 
mreuLner advantace 1S Loe freedom cr erranzgement that an electrical plang 
ilows. The absence or shafts frem amidships to the stern permits fuldier 
MecmOn tne Spaces locatea there. The machinery arrangerent is nowt 
dictated by the need for a reduction gear sct to be attached to the end 
of a shaft. Withee small eltereacor the asrrangenents would be even 
more versatile. A gas turbine snc generator could be placed in any 
Gemwenient place on the chip. HElectrical plants operate at a high 
Beweiency. By running Gut curt ipe-ecncrator at a constant speed, the 


feecl te memcy Ofetne tat’ inewpe2 be achieved. There @re fewemvand 


aa aren REN oe Fe tae _ : _ — = ae ° 
Moos CONMDIGE GVine Faria on eer Sybclirsca! systc:. This moans Wess 
a) aah. q 4, = e 1 eared Nowe 4 , : = : re 
ee aetantance peoblidn. 1199 Wien no dirtct connection from the 


Meee eg Veo ptCen.O one priapelice. there 1° no direct’ perneror meichinery 


cts is] Fe mea: a ek a ao . * P © 
MoVse CS OC CUraneiitcek toe the wee. 
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ConvenuLronal clecuric plants for a given outome horse power same 
about four times the weight of a set of reduction gears, shafting and 
associated equipment for the same output. Witn the use of superconduc- 
imme Clecurre Machines, Unc Size and weie@nt carn be greaigiy reduecae 
PieereoncuctoOrs arc maverials which lose al]. resistance near absollice 
zero. ‘The references [Be i | describe individual coause eee 

In "Super conductivity: Status and Implication for lbarine 
Applications", by E. H. Sibley, E. G. Frankel, anc J. M. Reynolds lee 
mae size of superconducting hanne power plants is SStimatec ue: 


paper makes no mention of shiclding the superconducting plant to protect 
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Seerauines personnel and to keep the fields from interfering with the 


(1 


@eetotton Ol Other machinery in the area. It is not feasible to isolete 


moe Superconducting machinery from tne res 
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Space is soe 
critical to co une} of= ve 

Dynatech Corporation, Cambridge, Massachusetts; Avco-Everett, Byverety, 
Pecsachusetts, and other corporations have designed small superconducting 


feuctmatcors. None of these have shielding and none are large enough vo 


Benwor use for marine propulsion. 


fa Values to produce 35,000 shaft horsepover output. This is approxi- 
mebely the Output of a destroyer plant. Ctnez work waich will have to be 
mene LO complete the electrical plant is to desig 2 bEoncrol system, 

Pe StGue ois | 


Meeien wie coolant plant, design the povcr Lote sel do 7 


Meee) 01 the turoinc and roteling cloctrias) UsMy. 





Assumptions and Description 

misure loshows the arransement of the alternator. "Me aaeles. 
Su thc inside and is rotating. It is the portion of the :acuine wegen 
fill be superconducting. The armature and shield arc fixsd and located 
meound tne field. his is the simplest arranzerent since [on™ pomer mee 
bemtaken olf the armature. It would be impractical to take uae muer 
Pevernort CM Slip rings. Iittie power is needed to «erase Thee ielamas 


Memeo superconducting. Phe armature current density assimed 12) 10Gsaaas 


ND 
je 
6p) 


this aliows @ packing factor of .25. A density of 10,000 empo/ Che 
assumed for the superconducting Field winding. This ellows at least the 
eenpackineg faccvor 4s it is conservative as to the current cagiyine 
Capacity of the superconductor. 

He sy svem tar composed Of a4 prime mover Criving the sipecond eae 
@enerator. the power from the generator goes to a control device, 
possibly PC elocOnVer tees Which will change the voltepe aut veqmeme 


to allow variable output speed and torque of the sup2rcondiccing motor 


1B! 
(H) 
kG 
(9 
a 
‘Bu 
wn 
wf 
— 
fe 
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which it drives. The response of the system only d:ynamic 
Mecponce Of the motor, shaft and propelicr. This should plorm.t much 


Mevver response times than reduction gear and shaft drives. 








el OI SRI A fy tae oe > ee 


fe yC ecenver er 36 en Clectronic device which accmpys came B. ue 
input voltage end frequency and converts it to a voltae 
determined by its control signal. 


— o— —— ae wae 
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CROSS SECTION OF ALTERNATOR 





inside radius of field 
outside radius of field 
inside radius of armature 
OuGsice redius of armature 
inside radius of shield 
outside radius of shield 
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It. DEVELOPMENT OF MODEL 


The model ile developed in three parts. ‘The ficlds generated 
Pee oe 11eCld winding will be considered first. Then the ficlds 
generated by the armature will be developed. The last part will be to : 
eqaq the cfifects of the shield on the ficlds. <All fields are the 
solution to the equation 

y°U = 0 (71-0) 

Subject to the appropriate boundary conditions. The detailed development 
of the model will be found in Appendix A. This chapter presents a discussion 
of the procedure and a prescntation of the results. 

inc itields — essentially andependent of the axial dimensicn ea 
feamneu true in the end turns but their contribution to the machine is smai 
eroewl lt be neglected. Thererore the solutions to Iaplace's Equation are 
imecerms Of radius and cylindrical angle. They can be expressed as the 
product of R(o) and 3(), where R and # are 


R = Ap? + Bovd 


® = Csin qo + Deos qy (II-2) 
with tne constants properly evaluated to satisfy the boundary conditions 
im, Gach situation. ‘The boundary conditions applicable to this problem are 
that the solution must at all points be bounded, must be zero in the 
Shield, and must satisfy the current distribution in the field windings 
ena the armature windings. Since the magnitude of the ficlds is to be 
constrained to that which will produce no saturation in the materials used, 
the solutions can be solved independently and superinposed. Pigure @ shove 


Peep sterile ibuucon Of the current density in the Tieie yindings. 
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FIGURE 2 





p pole-pair field winding 





FIGURE 3 
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The point P(e, ~) is the point for which the field is being computed 
Oe to! the current density shell dr thick at radius r. Figure 3 
shows the angular distribution of the current density in the shell 
feethick. the value of q is readily found as the ansular dependence 
moee be thie same in the field as it is in the distribution of the curreng: 
Fourier analysis of the current density distribution yeilds 

K(r,¢) ) kJpdr sin npo 

n odd BY (TI-3) 

therefore qd is np. The general solution is 

U(r,) = R(r)3(o) = (Ap? + Bo7?P)(Csin npyp + Deos np) (al) 


Tne field components are 





ou 1dU 
oO. = co = ~ 
HO LPS ose (TI-5) 
and the boundary conditions are 
H(o=0) is finite 
ey a 
OHO _ - 
Aon Cm (e—t) 
OH: 
Be = K(ry9) (er) (11-6) 


mover tne field solution is found in terms of r, 9, and 0, an integration 


from R, to R, is performed to sum all the contributing rings Of Ssummece 


2 
current. There are field components from the shielding which come from 
the general solution, equation II-4, but with the boundary conditions that 
H(o=0)} is finite and EH. of the shield solution at NOM-Re is the negative 


Bieics taco counterpart so that the total He is zero at Pek ~. Ine shield 
Ww 


melee weeaaded to the ficld to obtain the total field inside the shjcid. 





Miesresults are shown in Table I. ‘ihe armatwre fieid can be solved by 
mae same procedure. The current distribution is different as shown in 


Figures 4 and 5. Fourier analysis cf the current distvibution yields 


K(r,9) = ) 'WJadr eos n7 sin npo 


ie 7 


n odd nn 3 (II-7) 
The general solution has the same form and ‘the field components are 
Obtained the samc way. The solution is eva]'..ted the same way except that 
the result is integrated from R, to K,, to reicve the r dependence. Again 
fie siield components to the armature field are added in to obtain the 
total field which is also zero at r=kK,.. ‘Incse results are shown in 
Table II. Notice that each entry in the tables is of the form A(1H43B). 
A is the solution without the shield and B is the factor which, when multiplied 
iby A, 1S the contribution of the shield. 


iitemonerevedm tne two Lields 1s obtaumm from the equation 


W=1 aa ye Ko (tio + ") pata (11-8) 


Peometme i1eld Gnergies, the self inductances can be found. 


7275 (11-9) 


The mutual inductance is obtained fron 


Le = 
so To 
5a (TI-10) 
where the second derivative of 2 is to pr ean th@emriber or vusns 
imimeneectlemental co1l Of the ammeture *.2 gmepmmielcupre cc sh ici ic 9 iw eabyate 
iiese turns. 
6 PP ain(r,s) (71-11) 
N,, 0dod:9 | Loc, 3) lee JI-1.1 
; ig | 2 
d-.= _& Bee ci}: 7_ 


(Ro CARs -) | p 





FIGURE 4 a 





ole-pair as indi 
P pole-pair, 3 phase armature winding 


FIGURE 5 
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Distribution of phase a surface current density in shell of 
thickness dr for armature winding jie 
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This equation is then integrated twice to obtain 4. The maximun value 
of the primary component of Lip is called M. All the inductances are 


iepaoceo in Table Lil. 
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TABLE I 


Field Intensity of Field Winding with Shielding np + 2 
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TABLE I 


Melo Invenoruy of Phase a of the Armature WinG@ing wilh Shiels 
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ITI. MACHINE DESIGN 


Une procedure used for machine design is essentially the same 
memera2o toed in reference 1. It is assumed that the iron in the shied 
Mees NOL Appreciably aiiect the open circuit armature voltage other : 
than vhnrough the effect of M. The following additional assumptions are made. 
Beesiines rediis Of the shield is equal to the outer radius of the armaturc, 
ac . wel. Miewinner radius of the armature is 3 cm greater thanerheuc wr. 
mpegs Of che Licld to allow for the insulating dewar and clearance for 
rotation. ‘The current densities are Jp = 10° amps/m= and Jems 10° amps /m°. 
fee Tapretic perneability of the iron shield is infinite and the 
Mem iesnility of the rest of the machine is about the same as air. ‘ihe 
[ere COuations used for estimating the machine size and output power 


oe 


P= 3/2 Vala (ITT-1) 
Va = WMI p (TIT-~2) 
a me 
Wer m(Rom - RYAN (Trey 
6 


the weight of the shicid is calculated on the density of iron, 7.87 grems/en3. 
The ficld and armature weights are figured on the basis of 6 grans/ens with 

an allowance of .25 times their weight for a shaft and support. {iJ Une 
length, 1, of the machine is taken as twice the diameter of she armature. 

fits 1G used as a roush fipure based on existing machines. The ratio to 


Peers) tne rexiiaiti power output for a given volwze is a problem of 


Gt 
Aad. 
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meoomeereneyi || now be Considered in this papery aioe 1 1G 
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Meeicibed Of the straight portion of the windings. To 


at the e 


bLOLS ust be added 


fe ionetm due to the end turns to get the overall lenguh ci the mechine 


~~} > 
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=e 


and shield. The end turn length is calculated on the size of the semi- 
circle that the windings must make to go from one pole to the next. 


The shaft is hollow and is designed on the basis of the fornula 


Bol OCO Nt CG 


T = Galea!) (III-4) 


Pac fH um horsepower, d in inches, n in rpm and T in psi. Mild steel widl 
fail with a value of T equal to about 65,000 psi in torsion only. fe] 

feaaeitensrer Lo the Supercooled region is through Ghe ieee 
dewar” and through the shaft which will Carry a ligiacw necessary leads 
mmbo Line Supercooled region. The heat loss is calculated from 

w=kA — Cin) 

with k Scucmeto une average heat transfer coefficient, A equal te cae 
arca through which the heat is being transferred, and dT/dt equals the 


average thermal gradient. 


~~ 





wera tGu insulation, navwed after the invenvor. 
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RESULTS 


tie machine model and parameters for the shielded, superconductime 
field, alternator were developed in Chapter II and Appendix A. A 27,200 kw 
(36,500 HP) generator was designed in Appendix B. Table IV shows a swamery 


of the results. 


TABLE IV 


A 3 phase, 3 pole-pair, generator of 27,200 kw. 


Prime mover speed 9000 rpm 
Electrical speed 450 cps 
Power output 2{,200 kw 
36,500 hp 
Armature power lost 3.5 kw 
Reactive armature power 65 ky 
Preld power icst negii'evplle 
Heat loss at 4.2°K ge trot 
at) {O° K 393 watts 
shaft outside diameter de. (27cm 
inside diameter LO. tem 


(Shaft will carry the power leads and coolants. ) 


Alternator diameter 75 m 
length electrical 1.2 

Digsical Newser! 

pace ld pire we diame ver s Toute 


inside diameter 60 11 


Ag a 


Armature outside diameter 60 m 
inside diameter 48 m 

Field outside diameter 2 m 
Pisce Caame Ler Greene 

Weights Shield 2.13 tons 
Armature 1.02 tons 
Row kes 1.00 tons 
pimceeend support, etc. _-90 tons 
ukohec me 4.65 tons 


Specific horsepower 7840 hp/ton 
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DISCUSSION OF RESULTS 


The figures for the 27,200 kw generator are the best achieved in 
ar actenpt to develop an optimization procedure. As a result, only a gen- 
erator was designed. The complexity of the problem did not allow 
adeavate determination of an optimization procedure in the time allowed. 

Tre output voltage was assumed to be equal to the open circuit voltagc. 
Tne armature reaction is sufficiently small so that the error introduced 
mornceeisgible. At a higher frequency and a different number of pale= 
Petros lu May nave more effect. : 

A small amount of power is lost in the armature due to the 


fd 


Betecence OL tne copper wire. No significant power is lost in the fied. 


ry 


This is one advantage of using a superconducting field. 

The dewar is composed of 1 cm of vacuum insulation around the 
Sugercondoctor windings, a 1 cm space for liquid nitrogen to flow through 
ana 2 1 cm vacuum insulation to separate the liguid nitrogen from the 
atmosphere. ‘The use of liquid nitrogen as an intermediate stage of 
cooling ieteees the heat loss at 4.2°K. It is cheaper, in terms ol wcoolem. 
Pen, Dower, bo remove as much of the heat as possible at as high 2 
Bemberavuire a5 is practical. ‘The coolants will flow into the Gewar throug 
mac shaft. poner irueal force and the difference in density betwee 
lijyoid and gas aids the flow of the coolants. The heat loss through the 
fewer 15 Calculated on the basis of 0.01 mm Hg pressure in the devar. 
Peay, 1Oss through the shaft is hard to calculete as the heat transfer 


fame ts nou clearly defined. ‘The heat loss at h ,2°K through the shaft 


je ea eulevec usins an effective length of 35cm between the 4.2°K portion 





=2Ge 


of the shaft and the 7O°K portion of the shaft. An effective leneth 
of 10 cm was used for calculating the shaft heat loss at 70°X. 

Me shaft carries the coolants and the power leads for toe field, 
A small amount of powcr can be supplied to the field from time to tine 
ionboost it back to the desired level. This requirerent is smal. snd 
should cause no problem with using the shaft to bring to leads into the 
dewar. 

Agole: speed of 9000 rpm was used to allow the prime mover to be 
une, a steam turbine Or a gas turbine. Both can operate at this 


eeecn cCliiciently. : 
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- CONCLUSIONS AND RECOMMENDATIONS 


- 


Shipboard electrical propulsion systems can be greatly reduced in 
size by the use of superconductors. A conventional electric propulsion plant 
ior 35,000 shaft horsepower weighs 275 tons and a reduction gear-shaft 
drive weighs 68 tons. (2] 

An opti mization formula was not successfully derived, but the 
generator described indicates the reduction in size and weight: possible. 
It will easily be competitive with standard shafting drives. The figures 
described have been achieved by manufacturers now. These do not make any 
demands on future technology. 

iieweerecomiended that the rest of the systen be analysed wander: 
enotner attempt be made to find a procedure to optimize the design of 
an alternator. 

Severo eincividual items need attention. A fully superconduc. 
machine needs to be considered. Additional size and weight may be gained. 
The problem of AC losses has to be taken care of if it is to be considered. 

A structural analysis of turbine and generator need to be done to 
determine the maximum speed available, if the speed can be increased, the 
size and weight can be decreascd. 

whe power must be trensferred from the generator to the control 
system and to the motor. A method must be used which will keep the 
Baz, Vel@ueeanc cower loss at a minimun. 

Peecontrol system iust be designed. «A eyeloconverter scemns Co have 
Poeltceeron 41n this system as it offers the wide varialaon in coniurol 


desired. 


By: 


4 


mhe entire systap vill beve to be designed frome thermodynamics 
point of view to minini:c the coolant plant which will have to be 
meevwded.. Iv should (. possic te vo reduce the heat losses in the 
Peeeernacor by a Vette: Beernolyaeinic design. 


Wpemecaioiectgon of thc design of the system eae working moce ee 


memnecced tO prove the tcasibility for shipboard use. 





a3). 





APPENDIX 
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A. DEVELOPMENT OF FIELD AND ENGRGY 


EQUATIONS AND INDUCTANCE PARAMETERS 
Surface current 
A cylinder Of suriace current is formed by & Giiferentiateclcr a. 
feethick at radius r. This is shown in Figure 2 and Figure 3. This can 


beprepresented by 


y 





K¢é —- ff db sin nix 
‘Gap fi Dilee 
n odd 
where 
b = ia shee. 
n as i ptaliakal 
T veL iClear 7 
wi th 
x= 
ite = Tall 
Pp 
eg) Jor O<x < L 
= -J,dr = ty Ke on 
evaluating 
De — WJpdr 
nt 
and 
K =e ee cer 
(x) ) re sin np‘ 
n odd 
Fields 


The fields are the solution to Iaplace's Equation 
oo 
wa 0 


Siipjeect) to the boundary conditions as stated in Chapter 17. The solution 





Sei 


AES 

U = R(r)a(¢) 

U = (Apo + Be74)(C sin qo + D cos qo) 
Mae field -inside of the alternator is composed of a superposition of six 
solutions. There is one solution for the inside of the ring of field current 
One for the outside, and one for the shield. Thereis ea corresponding set for 
the armature. The fields are of two basic forms, one for the radius to 
_the point in question being inside the ring of current (p < r) and the 
Sener for the radius to the point in question being outside the ring of 
current (9 > r). ‘The current rings are then integrated from R, to Ro and 
from R, to Ro. This removes the r dependence of the solution. For a 
ferny i tne winding, one solution has to be integrated out to 0 from the 
inside of the winding and the other has to be integrated from Pp to the 
Boeolce OL the winding. 
hnergy 

Whe energy in the fields has to be integrated in pieces corresponding 

Memiune oitterecnt radii. The integrations are straight forward if the sin- 
miarity Of: the pieces of the integrals is used. Upon completion of the 
mmcoration the radius ratios are substituted and the results are as 


miewn in Table Ti. There is no difference in the procedure for the arin- 





eyeurc. 
Inductance 
beliwincuectance 1S obtained from the relation 
Ir = 2p 
ie 
with 


if = --(Ro® - R7°) Jt 


ONE 
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the wins linked in an elenental 


Mutual inductance is calculated fronr 


coil of the armature by the field. An elerental coil is 


6 Na z 
ceed 


so that 
a 
G22 = 6 Ny Mopdpes | iip(p,) “0 


(der 


PH ~ p Nnpte 0 
ae aL cos np) (1+ (Ro) 


, 
(p,¥) = )aRtETNS) iy ieee 
Ne. gnorl 


me oad 





sration over t and then 


Substitute for Hp and Jf and carry out an integr 

over P and y~. Then Inf = a Whaeh 16: 2ne abies eee 
. Ir 

of the first order component of Lr. It is the primary determining factor 


Mi is the magnitude 


io the voltage generated by the alternator. 





eGo 
pes MACHT Mite DESTIOH 
The voltage produced by the alternator is 
Vo = WMIr 


The current is 


2 
GN, 
Therefore the power is 
= 3/2 Valo 


UMT em (RoX = ae 
7 La. 


weg eute M from Table III. 


p(pi2) (ey 1 - ¥ 2- Dp (TF pee! 
ca O 


I¢N- = nme=(1 - y* Ip 
ay 


i= 1 
W= pW, 
ie 


PUbetritlving the above anto the formula for P 


P= 96 Um 107 Roi Ro [pte [ 1 =e : 
are _ Al 1-yPi2@) 2 - 4 oe 

p Ro ( yen) f P 
(B-1) 


mince the shield is made of iron the magnetic filesd inte iy as 


PuniavecO) 2 Webers/me at the shield. ‘The contribution of the Ar-ture 


Commie intensity is 1 eat in the first hawiond:. <3 GaReiMbitioca 
200 Ro 

would be about 10% in an 11 pole-pair macHine. A first -cf0 ee fed 

intensity can be made by neglecting the armature contuagi gah kel igh s 


Seer Harionics are nepligible, decrensing On th sorGat Cie Lg 
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Mie Tiuensivy duc to the field is 


2p | 


By = 2df Mo RoPte - Rae cos po Ll - 


ep 
m(2-4p) pptl Rg) 
The maximum intensity is desired som = 0. Evaluating the constants 


Ro\ 15 
ap ARP ( 


Lye) (B-2) 
The following constraints duc to the physical arrangement of the problen 
Ry 7 Yghaft 
Oey 1. 


Ri = Ro a 03m 


OF Sa 
Rye) = Ri /y 
Ro = Ry/x 


used with equations B-1 and B-2 are sufficicnt to design an alternator. 
mne size of the shicld is determined by the maximum PipR ee 
BimeLd 1S LO carry. 


B =|Bo| cos pp at p= Ro 


item imiux per meter length 


II 


it 
Je IBo| cos py Ro de 


Il 


[Bo | Ro 
=D 


The maximim flux density allowed in the shield is 2 Webers/mé@ so that the 
iron docs not saturate. ‘The shicld then must have a thickness 


a7 == IBo | Ro 
2p 


ana che Wacnine outside radius is 


> 


Rgo = (1+ [Bo! ) Ry 


2 


|“ 


_ 
Nand 
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veveral wttempts were made to derive an optimization formula from 
ihe above infor:nation with no success. ‘The best machine designed in the 
process is the one for which the results are given. The magnitude of the 
ragnetic field intensity at the shield was 1.5) Webers/ne. 
the shaft size was calculated from the formula 


pee ey OOO Hid 


= 
t 
i 


| n(ale = ay!) 
H = 36,500 hp 


n= 9000 rpm 


Pete cle resultant torsional stress 

ei, 700 psi 
fees valle leaves @ large margin of safety as all stecls tested tami 
emmove 50 ,.CO0 osi. [6] The only restraints on the shaft size areuvpacea 
eee 'Cr wien the inside radius of the field and large enoupiy tesa 
Bice iee2cs end carry the coolants. | 


ine heat loss is calculated with the formula 


w= kA a? 
at 


and an idea of the geometry of the problem. Heat transfer through the 
dewar is handled in two steps. The first step is from 4.2°K to 7O°K. 
‘That is the temperature of liquid nitrogen, which will be used as an 
intermeciate coolant to reduce the heat loss at }.2°K. The second step 
fete (O-% to 300°K. 

Peewcever is anproxinated by a cylinder slightly iavecr then the 
Peres us O: the field and two disks at the ends of the field. 
=) 


A = @n Réewar (4 + mR) -+ Qt (Sere - Rshaft 
Pp 
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The following values were used for the inner dewar 


Rdewar = ¢e cm 


Le TeOecn 
Ro = 21 em 
p= 3 


Rshaft = 6.35 cm 
iiewereca calculeted was 22,500 cn€. A similar calculation for the outer 
dewar yielded an area equal to 25,070 cme. 

The values of the heat transfer coefficients used were taken as 
that of silica aerogel ina dewar with a pressure of 10-2 mn He. Better 
values are obtainable, but are calculated for a dewar at least 1 incne 
inieckww. Dewars thinner than 1 inch have a greater heat transfer eoeenn:— 
Pont than that wiich 1s listed for that type of dewar. ‘The values@ige7 
are 5 microwatts/em OK for the dewar between 4.2°K and 7O°K, and 30 micro- 
watts/cm °K for the outer dewar. Each dewar is 1 em thick with a 1 cm 
sp2eemoeuween for the Liquid nitrogen. The heat losses calculavedvare 
7.44 watts for the inner dewar and 173 watts for the outer dewar. These 
figures assume that the ends are the same thickness as the cylinders. 

The heat loss due to the shaft is harder to estimate. The super- 
conducting portion of the machine is about 145 cm long. ‘The supports 
for the field are assumed to be evenly distributed along the shaft and 
Pie shert and supports are assumed to be insulated so that the heat that 
flows into the Gewar through the shaft must come in the supports. Then 
the average path length of heat conduction is at least 35 cm from b 20K 
to the point where the liaquid nitrogen passes through the shaft, which 
is at 7O°K. The conductivity asswred is thet of type 347 stainless 
steel, about O milliwatts/cm OK between 4.2°K and 7O°K, and about 110 


millivatts/cem °K between 7O°K and 300°K. The cross sectional area of 





Soe 
the shaft is 43 cem¢. The heat loss calculated is 3-3 watts frommeach 
end of the shaft. The heat flow from Fic to 300°K is estimated on a 
length of 10 cm, assuming that the shaft will be insulated for a short 
Gistance beyond the dewar. The heat loss at 7O°K is 110 watts from each 
end of the shaft. ‘The total heat loss at }.2°K is 14 watts and 393 watts 
a (OK. 
The power loss in the armature due to resistance is casily calcu- 
lesce 
P= IF R 


Jn2 PLA 


li 


Ja = 100 amps/cm@ 


Oe 19 micro-chm-—cm 
f= 167 cm 
A = 1100 emé 


The resultant power loss is 3.5 kw. 
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